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ABSTRACT A peptide corresponding to the neuronal protein neurogranin (NG) residues 28-43, NG(28-43), and its analog,
[A35]NG(28-43), have been investigated by NMR, electron paramagnetic resonance (EPR), and circular dichroism (CD)
spectroscopies. The peptides existed in aqueous solution predominantly in random form. However, a nascent helical
structure was detected in the central region of the parent peptide from NMR data. Furthermore, a helical structure can be
detected for both peptides with greater induced secondary structure for the parent peptide in the presence of sodium dodecyl
sulfate (SDS) micelle. The formation of micelles for SDS was confirmed by results from EPR as well as 13C NMR. As shown
by CD experiments, helical conformer was induced for NG(28-43) in vesicular solution containing phosphatidyl serine (PS),
whereas no helix can be discerned for the peptide in phosphatidyl choline (PC)-containing vesicular solution. Together with
the induction of the peptide into helix in SDS micellar solution as suggested by both NMR and CD data, these results
underscored the electrostatic contribution to the interaction of the PKC substrate peptides and proteins with membrane.
According to NMR and CD data, a dynamic equilibrium existed between free and micelle-bound states for the peptide.
Moreover, proton-deuterium exchange results and SDS-induced linewidth broadening of proton resonances allowed delin-
eation of the orientation of the amphipathic helix on the surface of SDS micelle. The result was supported by spin label
experiments that indicated F35 of NG(28-43) interacted strongly with the hydrocarbon interior of micelle. Based on the
experimental findings, a working model was proposed that attempted to partly explain the roles played by the nonpolar amino
acid near the phosphorylation site, by the negatively charged phospholipids, and by the basic amino acids of the substrate.
INTRODUCTION
Protein kinase C (PKC) has been shown to play important
roles in controlling a variety of physiological processes,
including tumor promotion, signal transduction, exocytosis,
gene expression, and long-term potentiation (Nishizuka,
1988; Huang, 1989). It was found in different tissues as
multiple isoforms (Huang et al., 1986; Huang et al., 1987;
Koide et al., 1992; Ogita et al., 1992). PKC is a phospho-
lipid-dependent, calcium-activated kinase that phosphory-
lates highly selective substrate proteins at either Ser or Thr.
Among the phospholipid cofactors, the negatively charged
phosphatidyl serine (PS), the major acidic lipid in the inner
leaflet of mammalian plasma membranes (Devaux, 1992), is
most commonly used for PKC studies. Recently, two brain-
specific PKC-selective substrates, neuromodulin and neu-
rogranin, have been reported (Baudier et al., 1989; Dekker
et al., 1989). Neuromodulin has been shown to be involved
in nerve growth and neuroplasticity (Meiri et al., 1988;
Nelson et al., 1989; Represa et al., 1990; Watson et al.,
1990), whereas neurogranin appears to be related to long-
term potentiation of the hippocampus (Klann et al., 1992).
Both have been shown to be phosphorylated by PKC in
intact cells in hippocampal slices (Baudier et al., 1991;
Gianotti et al., 1992). They bear a high degree of sequence
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homology in the domain encompassing the phosphorylation
site. The domain is absolutely conserved in all fish and
mammalian neuromodulin sequences known, suggesting its
essential functional role.
Requirements for the selective substrate of PKC include
basic amino acids on both sides of the phosphorylation site
(Ser/Thr) as well as a Phe or hydrophobic amino acid
immediately adjacent to the site (Gianotti et al., 1992;
Aderem, 1992; Pearson and Kemp, 1991). An interesting
study by Davis et al. on phosphorylation of the transferrin
receptor by PKC demonstrated that Ser24, which is fol-
lowed by Leu but not Ser63, which is not adjacent to a
hydrophobic residue, was phosphorylated by PKC (Davis et
al., 1986). The data highlighted the critical role assumed by
the hydrophobic residue immediately C-terminal to the
phosphorylation site. A high concentration of clustered ba-
sic amino acids appears to be necessary to compensate the
effect of deleting the hydrophobic residue in the neighbor-
hood of a phosphorylation site (Pearson and Kemp, 1991).
In studies of the latter determinant, a decrease of more than
three orders of magnitude in phosphorylation efficiency was
reported as Ala was used to substitute for Phe in the syn-
thetic peptide homologous to the region surrounding a phos-
phorylation site, in the presence of vesicles formed by the
lipid cofactors PS and diacylglycerol (DAG) (Chen et al.,
1993).
A close correlation has been demonstrated between asso-
ciation of the PKC substrate proteins with membrane and
their phosphorylation by PKC (Bazzi and Nelsestuen, 1987;
Edashige et al., 1992). The region surrounding the phos-
phorylation site appears to be exposed in the whole sub-
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strate protein (consisting of 78 amino aicds for bovine
neurogranin) as a monoclonal antibody, NM2 was found to
recognize the PKC phosphorylation site with the suggested
epitope QASFR (Oestreicher et al., 1994). Thus the segment
surrounding the phosphorylation site is likely to interact
with the membrane before approaching PKC on the surface
of membrane. Moreover, because of the hydrophilic nature
of both proteins, their association with the membrane is
expected to be extrinsic (Houbre et al., 1991; Skene and
Virag, 1989), as also verified by the linewidth measurement
of backbone NH resonance peaks in sodium dodecyl sulfate
(SDS) solution in the present study. The membrane-bound
substrate would be presented to the active site of membrane-
bound PKC by reorientation and probably by diffusion
(Houbre et al., 1991). Because it is likely that the substrates
of PKC are phosphorylated only in the proximity of mem-
brane (Bazzi and Nelsestuen, 1987) and because negatively
charged PS is essential for activation of many PKC
isozymes (Kaibuchi et al., 1981; Mahoney and Huang,
1995), SDS was employed as a model for the membrane
formed by phospholipids.
To investigate the structural basis for the role of highly
conserved hydrophobic residue C-terminal to the phosphor-
ylation site and for the dramatic difference in the kinetic
behavior between the wild-type and mutant peptides ob-
served by Chen et al. (1993), circular dichroism (CD),
NMR, and electron paramagnetic resonance (EPR) spec-
troscopies were initiated. The conformation is determined
by distance geometry and simulated annealing employing
distance and dihedral angle constraints derived from NMR
data. The association of the peptide with micelles was
probed by EPR and NMR lineshape analyses. It was found
from CD and NMR results that the peptide corresponding to
residues 28-43 of a bovine neurogranin underwent confor-
mational change as SDS micelles or vesicles containing PS
were introduced into aqueous solution. Specifically, a-helix
is induced for the peptide at the expense of random coil by
association with SDS micelles and with vesicles containing
PS. The hydrophobic side of the induced helix is shown to
associate with the interior of the micelle from EPR and
NMR linewidth results. The long-range electrostatic force is
assumed to be responsible for anchoring the substrates on
the surface of the membrane, expediting their encounter
with PKC. The role played by the Phe residue C-terminal to
the phosphorylation site is discussed in the context of in-
teraction between the PKC substrate and the hydrophobic
interior of the membrane. Coupled with the stability of the
helix of the parent peptide, this specific interaction may
partially account for the three orders of magnitude decrease
in the phosphorylation kinetics for its A35 analog.
MATERIALS AND METHODS
Peptide synthesis
Peptides were synthesized in an automatic mode by a solid-phase syth-
orenylmethoxycarbonyl chemistry. The peptides were cleaved from the
resin and simultaneously deprotected using a mixture of trifluroacetic
acid/phenol/thioanisole/ethanedithiol in distilled water (84:6:4:4:2, v/v) for
2 h at 277 K, and the crude peptides were subsequently purified by
reverse-phase high-performance liquid chromatography on a C,5 column
with acetonitrile gradients in aqueous solution containing trifluoroacetic
acid. The primary sequence of the peptides was ascertained by amino acid
analysis as well as electrospray mass spectrometry.
1,2-Dihexadecanoyl-sn-glycero-3-phosphocholine (PC), 1,2-dihexade-
canoyl-sn-glycero-3-phospho-L-serine (PS), and 1,2-dihexadecanoyl-sn-
glycerol (DAG) were purchased from Sigma (St. Louis, MO). SDS-d29 was
purchased from CIL (Andover, MA)
CD spectropolarimetry
All of the CD experiments were carried out on a Jasco 720 spectropola-
rimeter at 298 K. The spectra were recorded from 190 to 270 nm at a
scanning rate of 20 nm/min with a time constant of 2 s. Spectra were
obtained from an average of five scans with a step resolution of 5 nm and
a bandwidth of 1 nm at 298 K, using cells with a path length between I and
5 mm.
For estimation of the secondary structure content, the observed ellip-
ticity was converted into mean residue ellipticity (deg-cm-dmol-'), using
the relationship [0] = 0 * /-'c-'N-', where 0 is measured ellipticity, I is
the path length in centimeters, c is the molar concentration of the peptide,
and N is the number of amino acids in the peptide sequence. Percentage
helicity was calculated (Scholtz et al., 1991) using [0] at 222 nm according
to 100 [01222/1[0]max, where [0]m,x =-40,00011- (2.5/N)], N = 16 in the
present study.
Preparation of SDS micelles, PS, PS/DAG, and
PC vesicles
The micelles and vesicles were prepared by mixing SDS or the phospho-
lipids with appropriate amounts of peptides and/or spin label. The mixtures
were incubated in a bath at 298 K and sonicated for at least 2 h. For CD
experiments, peptide concentrations were between 15 and 75 ,. M, whereas
0.03 to 2 mM of each of the phospholipids was used for vesicular solutions.
Tha pH of the sample solutions was adjusted to 7.0 by phosphate buffer.
EPR spectroscopy
The spin label reagent, 12-doxyl stearic acid methyl ester (12-SASL),
purchased from Sigma, was used in the experiments without further puri-
fication. The EPR spectra were acquired on a Bruker ESP 300 continuous-
wave spectrometer with samples containing 0.4 mM of the spin label and
SDS ranging from 0 to 100 mM in concentration. X-band, first-derivative
absorption EPR spectra were obtained at 298 K with the following param-
eters: modulation I G at 100 kHz, microwave power I mW, and total
sweep width 80 G.
The observed proton resonance line broadening arises primarily from
the dipolar interaction between the unpaired electron and the proton.
NMR spectroscopy
The peptide samples were prepared in 90% H,O/10% D2O and in 55 mM
deuterated SDS micelles/90% H20/10% D2O to a concentration of 2.2 mM
peptide at pH 6.1. For deuterium-proton exchange experiments, samples
were prepared in either 100% D2O, or 55 mM SDS-d'5/100% D,O at pH
3.0. The samples were maintained at the desired pH in 10 mM phosphate
buffer.
The 'H NMR spectra were acquired on a Bruker AMX-500 spectrom-
eter with a spectral width of 5000 Hz. The TPPI method (Marion and
Wuithrich, 1983) was used for the absorption-mode NOESY experiments
with mixing times of 100 and 250 ms, whereas the MLEV-17 spin-lock
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pulse sequence was utilized in TOCSY experiments (Braunschweiler and
Ernst, 1983) with mixing times of 60 and 100 ms. In addition, DQF-COSY
experiments (Rance et al., 1983) were employed for coupling constant
measurements. Generally, 384-512 t, increments were used with 64-96
FID transients in 2K data points (8K for DQF-COSY sepctra). Suppression
of HOD solvent signal was achieved by soft presaturation or the jump-
return or WATERGATE (Piotto et al., 1992) method. Data were processed
using the Bruker processing program UXNMR and Felix interfaced to
Biosym software programs (Biosym, Inc., San Diego, USA). A 45 or 60
shifted sine-bell window function was applied to FIDs in each dimension
before Fourier transformation and the data were zero filled to 2k x 1k
(8k x 1k for DQF-COSY) data points. All chemical shifts were referenced
externally to the methyl resonance of 4,4-dimethyl-4-silapentane-5-sul-
fonic acid (DSS; 0 ppm). The Karplus equation was used to estimate the
backbone dihedral angle 4 (Karplus, 1959).
NOE intensity is proportional to the inverse sixth power of interproton
distance (Ernst et al., 1987). The data were converted into interproton
distance using methylene protons of histidine or the 2H and 3H of the
phenyl ring of phenylalanine as a reference. Depending on the distance, 0.6
to 1.0 A was allowed to vary for the distance restraints in the structure
computation.
Proton-deuterium exchange experiments were carried out by adding
D20 to the lyophilized peptide sample or peptide/SDS mixture. The tem-
perature for the experiments in SDS-free solution was set at 278 K,
whereas for those in SDS micelle solution, the temperature was raised to
288 K, because at lower temperatures SDS aggregated. A TOCSY exper-
iment was performed for SDS-containing solution to ascertain the peak
assignment.
13C NMR spectra were acquired at 298 K on the same spectrometer
operating at 125.76 MHz to monitor the SDS micelle formation and
location of the spin label in the micelle. 1024 FID transients were collected,
with a recycle delay of 2 s for all of the experiments.
Structure computation
A total of 210 NMR-derived constraints (including 14 torsional con-
straints) were used in structure computation using distance geometry/
simulated annealing (DG/SA) methods (Nilges et al., 1988) implemented
in the Biosym NMRchitect programs (version 2.3). A final family of 20
structures was generated that are compatible with the NMR-derived con-
straints. Leonard-Jones 6-12 van der Waals energy was replaced by a
quadratic term in the initial stages of the simulated annealing run. In the
process of simulated annealing, the temperature was increased to 1000 K
for a molecular dynamics run of 5 ps to allow more conformational space
to be explored. The system was cooled down to 300 K in seven steps (for
20 ps) and minimized by steepest descent and conjugated gradient methods
before final structures were obtained.
RESULTS AND DISCUSSION
EPR spectra of the spin label in the absence and in the
presence of various concentrations of SDS and NG(28-43)
are presented in Fig. 1, A-D. Compared with Fig. 1 A, the
lineshape changes significantly in the presence of more than
20 mM SDS (Fig. 1, C and D), which is in the concentration
range used in the NMR experiments. The rotational corre-
lation times (Tr) calculated from Fig. 1, A, B, C, and D, are,
respectively, 0.57 X 10- O, 8.6XIO-10, 8.0 X 10-10, and
7.7 X 10-10 s (Stone et al., 1965; Cannon et al., 1975).
These results show that an increase of more than one order
of magnitude in Tr occurs as the spin label associates with
SDS, suggesting the formation of micelles for SDS (Brown
et al., 1981). This conclusion is in agreement with the
reported critical micelle concentration (cmc) of 8 mM for
A
c
D
10 G
FIGURE 1 X-band EPR spectra of 0.4 mM 12-SASL as a function of the
concentration of SDS. The spectra were measured at 298 K for an SDS
concentration of (A) 0 mM, (B) 20 mM, and (C) 50 mM. In D, the spectrum
was obtained from a solution containing 0.4 mM 12-SASL, 100 mM SDS,
and 0.2 mM NG(28-43)- Concentrations of SDS in B-D are above cmc for
SDS, and the micelle formation is supported by comparison of calculated
rotational correlation times from A and from B through D.
SDS (Mysels and Prinzen, 1959). The Tr value calculated
from Fig. 1 D is essentially the same as those obtained from
Fig. 1, B and C, indicating that the size of the micelle is not
altered by interaction with the peptide NG(28-43)*
The fingerprint and NH-NH regions of NOESY spectrum
for NG(28-43) peptide in SDS solution are displayed in Fig.
2. The sequential connectivity can be clearly discerned,
because of sufficiently dispersive resonance peaks. The
strong, abundant dNN(i, i + 1) NOE cross-peaks indicate a
well-defined, folded structure for the wild-type hexadeca-
meric peptide in SDS micelle solution. Representative non-
sequential NOE peaks, particularly da,3(i, i + 3) peaks, are
shown in Fig. 3. These peaks and strong dNN(i, i + 1) peaks
shown in Fig. 2 B are characteristics of an a-helix (Wuth-
rich, 1986). NOE interactions among side-chain protons are
displayed in Fig. 4 for NG(28-43) in SDS micelle solution.
The moderately strong medium-range NOE peaks are also a
manifestation of an a-helical structure for the wild-type
peptide in SDS solution. Table 1 lists the chemical shift of
'H resonance peaks of NG(28-43) in 90% H20/10% D20 and
in SDS micelle solutions at 298 K.
A less ordered structure for the parent peptide in the
SDS-free solution than in the SDS-containing solution is
556 Biophysical Journal
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FIGURE 2 NH-aH region of the NOESY spectrum at a mixing time of
250 ms for 2.2 mM NG(28-43) in 55 mM SDS-d25 solution at 298 K and pH
6.1, showing sequential connectivities.
suggested by considerably fewer and weaker observable
NOE cross-peaks in the SDS-free aqueous solution. The
only exceptions are the peaks involving G37, whose amide
proton resonates at a relatively high field and has several
(i, i + 2)-type NOE interactions for the parent peptide in
aqueous solution. These observations are consistent with the
notion that a nascent helical structure exists in the NG(28-43)
peptide surrounding G37 (Dyson et al., 1988). In contrast,
much weaker nonsequential NOE peaks are found for the
*1~/F~~ ~, CH3 NH3 1 F F35-to CH3 NH 2 33 35° P LA, o fl2,6o*
2,6
* * F2,6/Qp~-
0o C
0
., 0*
ppm 8.5 8.o
I14
j.@Q3f2/ 356t
.38, u38 a 0
F2
a
H, ;H - F a/3H
* a/H:5s
7.5
FIGURE 3 Representative dayjB(i, i + 3) NOE interactions from the same
NOESY spectrum as in Fig. 2.
FIGURE 4 Portion of the NOESY spectrum at a mixing time of 250 ms
for 2.2 mM NG(28-43) in 55 mM SDS-d25 at 298 K and pH 6.1.
segment encompassing G37 of [A35]NG(28 43) analog. Fur-
thermore, in aqueous solution the resonance signal for NH
of G37 of NG(28-43) is 0.46 ppm upfield relative to that of
G37 in [A35] analog at 8 8.32 ppm. As inferred from NOE
patterns, [A35]NG(28-43) adopts random coil conformation
in the region surrounding G37, so that G37 of the parent
peptide cannot be part of random structure, but is part of a
folded structure such as a turn or helix. This is because the
chemical shift of amide proton in an a-helix is upfield
relative to that of random coil (Wishart et al., 1991). Alter-
natively, the upfield shift of the NH of G37 could arise from
the ring current effect of the side chain of F35 (Jackman and
Sternhell, 1969) in a rigid turn structure. These results
suggest that the wild-type peptide forms a folded structure
in the region F35-G37 and has a greater tendency to form a
helix. In conformity with NMR data, analysis of the two
peptides using the secondary structure prediction algorithm
proposed by Ptitsyn and Finkelstein (1983) shows a higher
probability that the parent peptide will form an a-helix, both
in water and in membranous environments.
NOE peaks detected for NG(28 43) and for [A35]NG(2843)
in water and in SDS micelle solutions are summarized in
Fig. 5. It is of interest to observe that the glycine residue of
NG(28-43) is in the middle of a helical structure in the
micellar environment, in contrast to the common observa-
tion that glycine is a helix terminator in aqueous solution
(Richardson and Richardson, 1989). Results of the proton-
deuterium exchange experiments for NG(28-43) at 288 K in
SDS micelle solution are displayed in Fig. 6. The NH
spectra at the bottom, middle, and top of the figure are data
taken immediately, 20 min, and 5 h, respectively, after the
addition of D2O to the lyophilized peptide/SDS mixture.
The backbone amide protons of residues 131, F35, M39, and
0 0
I31 /S34a p
-3.8
4.0
-4.2
Fl
-4.4
F35/H38
-4.6
a ppm
ppm
Q.3 2 3 5
.a IFp
ppm 3.8 F2 3.2
I
I
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-4.2
-4.3
4.4 Fl
-4.5
-4.6
ppm
0
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TABLE I 'H NMR chemical shifts (ppm) of NG(2,-43) at pH 6.1, 298 K in 90% H20/10% D20 and in 55 mM SDS-d25
Residue NH aH 13H Others
Ala28
Ala29
Lys3O
Ile31
Gln32
Ala33
Ser34
Phe35
Arg36
Gly37
His38
Met39
Ala4O
Arg4l
Lys42
Lys43
8.59
8.51
8.45
8.32
8.26
7.66
8.53
8.22
8.43
7.81
8.25
8.01
8.28
8.12
8.24
8.06
7.83
8.14
8.42
8.16
8.44
8.04
8.39
8.01
8.31
7.98
8.40
8.05
8.04
7.82
Top, 90% H20/10% D20; bottom (in italic), 55 mM SDS-d25.
K42 exhibit a larger decrease in exchange rate in micellar
solution. The three- to four-residue separation between
these slowly exchanging amide protons is suggestive of a
helical structure and preferential orientation for NG(28-43)
in association with SDS micelle.
Deviations from the reference random coil values for the
backbone NH chemical shifts of NG(28 43) and [A35]NG(28 43)
in water and in SDS solutions are presented in Fig. 7 (Bundi
and Wiithrich, 1979; Wishart and Sykes, 1994; Merutka et
al., 1995). An upfield shift of the NH chemical shift has
been proposed to correlate with helix formation (Wishart et
al., 1991). Scattered upfield or downfield shift is observed
for the data of NG(28-43) displayed in Fig. 7 A in aqueous
solution, whereas the chemical shift deviation is consis-
tently upfield in SDS micelle solution, consistent with helix
formation of the parent peptide in association with the SDS
micelle. For the results of [A35]NG(28 43) shown in Fig. 7 B,
the degree of upfield shift is smaller than the parent peptide;
some amide protons even exhibit a small downfield shift in
the SDS solution. The data are consistent with a greater
tendency toward helix formation by NG(28-43).
Fig. 8 A shows the 13C spectra of SDS aliphatic chain in
the absence of both peptide and spin label, and Fig. 8, B and
C, display the corresponding data in the presence of NG(28-
43) and in the presence of NG(28-43) plus the spin label,
respectively. The linewidth and chemical shift of the peaks
4.09
4.18
4.32
4.38
4.28
4.26
4.13
4.14
4.31
4.23
4.27
4.27
4.38
4.48
4.62
4.50
4.25
4.12
3.84
3.89
4.69
4.65
4.47
4.49
4.29
4.23
4.29
4.31
4.29
4.31
4.13
4.20
1.52
1.57
1.37
1.46
1.83
1.85
1.81
1.95
2.07
2.12
1.34
1.32
3.80
3.88
3.09
3.17
1.81
1.89
3.25
3.33
2.04
2.08
1.31
1.39
1.81
1.94
1.81
1.89
1.77
1.87
yCH2 1.43; $CH2 1.74
1.42 1.53
sCH2 2.99; sNH+ 7.53
3.02 7.45
yCH2 1.46 1.17
1.55 1.18
yCH3 0.87; &CH3 0.83
0.93 0.91
yCH2 2.34; 8NH2 7.54 6.87
2.36 7.46 6.76
2,6H 7.33; 3,5H 7.23
7.26 7.16
4H 7.27
7.24
yCH2 1.53; 6CH2 3.15
1.64 3.19
SNH 7.14
7.14
2H 8.61; 4H 7.26
8.68 7.32
yCH2 2.49 2.49; SCH3 2.01
2.56 2.50 2.05
yCH2 1.62; 6CH2 3.18
1.67 3.22
6NH 7.19
7.13
yCH2 1.43; 6CH2 1.76
1.46 1.77
sCH2 2.99; sNH' 7.51
3.03 7.44
yCH2 1.39; $CH2 1.72
1.41 1.74
sCH2 22.99; -NH22 7.51
3.00 7.42
1.67
1.72
1.95
2.01
3.80
3.84
1.65
1.78
3.14
3.21
1.96
2.02
1.76
1.80
1.70
1.69
1.68
1.67
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FIGURE 5 Summary of observed NOEs for NG(2843) in water (A), in SDS micelles (B), and [A35]NG(2843) in water (C) and in SDS micelle solution
(D). NOE intensities are indicated by the height of the bars. NOEs that are obscured, possibly because of overlapping resonances, are indicated by dashed
lines or asterisks (*). The open circles shown on the top row of A represent the backbone NH resonance peaks that can be observed immediately after D20
introduction into the lyophilized sample at 278 K; open and filled circles in B indicate the observable backbone NH resonance peaks after 20 min and 5 h,
respectively, after introducing D20 into a peptide/SDS mixture at 288 K.
are not changed by the addition of the peptide to the micelle,
suggesting that the size of the micelle remains the same and
perhaps that the peptide does not penetrate deep into the
micellar interior. In contrast, a systematic decrease, from the
tail of SDS, in the extent of linewidth broadening and
chemical shift change (observed in Fig. 8 C), clearly shows
that the spin label molecule penetrates to the center of the
micelle. Fig. 8 also lends support to the notion of micelle
formation for SDS at the concentrations used, consistent
with the results shown in Fig. 1.
1H NMR experiments were used to further characterize
the association of NG(28-43) with SDS micelle. Fig. 9 illus-
trates the lineshape change of the parent peptide with SDS
and the spin label. These results are summarized in Table 2
for the resonance peaks that can be at least partially resolved
in one-dimensional spectra.
From a comparison of Fig. 9, A and B, it is can be seen
that the effect is larger for residues 131, F35, and H38. For
example, line broadening is more prominent for side-chain
protons of 131, F35, and M39 and for the backbone amide
protons of 131, Q32, and F35. In particular, the aromatic
protons of F35 and y-methyl protons of M39 shown in Fig.
9 C exhibit a larger broadening effect, suggesting a specific
interaction with the spin label and thus with the SDS mi-
celle. In contrast, the effect of 12-SASL is smaller for A33,
G37, A40, and R41. It is of interest to note that the y-methyl
protons of 131 are broadened more than 8-methyl protons,
indicating a preferential orientation of 131 side chain with
NH Exchange
daN
dNN
diN
dNN(i, i+2)
daN(i i+2)
daN(O, i+3)
doLP(i,i+3)
dPN(i, i+2)
C daN
dNN
diN
dNN(i, i+2)
da( i, i+2)
daN(i, i+3)
d4(i, i+3)
dPN(O, i+2)
B NH Exchange
daN
dNN
doN
dNN(O, i+2)
daN(i, i+2)
daN(i, i+3)
dolPi, i+3)
daN(O, i+4)
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FIGURE 6 Low-field region 'H spectrum of NG(2,-43) at 288 K in SDS
solution immediately (bottom), 20 min (middle), and 5 h (top) after intro-
ducing D20 into the lyophilized peptide sample.
respect to the micelle. Moreover, the degeneracy of the two
Q32 yH resoance peaks due to rotation of the side chain
along C,3 and C, in aqueous solution is lifted by restriction
0.6
0.6
0.2
-0.4
-0.6
29 31 33 35 37 39 41 -43
Residue Number
FIGURE 7 Plot of deviation of the chemical shifts of amide protons
from random coil values, A(6NH), against residue number for NG128 43
(A) and [A35]NG125 43) (B) in aqueous solution (hatched bars) and in SDS
solution (solid bars). Negative chemical shift differences indicate upfield
shift.
A
ppm 1 1 5ppm 15 lo 5 0
FIGURE 8 Natural abundance 13C NMR spectra at 298 K of (A) 280
mM SDS, (B) 1.6 mM NG(2,-43) in 280 mM SDS, and (C) 1.6 mM NG in
280 mM SDS with 4.4 mM 12-SASL. Linewidth broadening is most
evident for 13C at position 12 and decreases systematically toward the
sulfate headgroup, suggesting that 1 2-SASL penetrates deeply into the SDS
micelle.
on the rotation of the side chain resulting from its interac-
tion with SDS micelle. Similarly, the resonance peaks of
guanidinyl protons of R36 and R41 are split in the presence
of SDS micelles. It is striking that a linewidth narrowing by
2.0 Hz (from 10 to 8 Hz) is observed for the side-chain
amide protons of Q32 on interacting with SDS micelle. This
can be explained by the fact that the amide proton resonance
peaks are broadened because of exchange of protons on the
side-chain amide group with those from the solvent in the
SDS-free solution (Ernst et al., 1987); this proton exchange
is slowed down by the hydrogen bond formed between the
side chain of Q32 and SDS headgroups. All of these obser-
vations argue for the interaction of NG(28-43) peptide with
SDS micelles and suggest formation of a helix with its
preferential orientation.
Additional evidence for a helical NG(28-43) interacting
with the SDS micelle is obtained from 'H TOCSY ex-
periments that exhibit the effect of the spin label on the
NG(28-43):SDS micelle complex. A comparison of Fig. 10,
A and B, reveals several linewidth broadening. Specifically,
broadening effect by the spin label is more prominent for
residues 131, Q32, F35, and M39, concurring with one-
dimensional results shown in Fig. 9. These 'H NMR results
are summed up in the bottom portion of Table 2 for those
residues that are resolvable in one-dimensional 'H spec-
trum. It is seen that the periodicity of larger broadening
apparently matches with an a-helical structure for the pep-
tide associating with SDS micelle. In general, the broaden-
ing effect is smaller in the C-terminal than in the N-terminal
portion of the peptide. Thus the effect on R41 or K42 is
smaller than that on K30. Furthermore, by far the smallest
broadening effect by the spin label is found in K43, dem-
f
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FIGURE 9 'H NMR spectra for (A) 2.2 mM NG(28-43) in aqueous solution, (B) 2.2 mM NG(28-43) in 55 mM SDS-d25, and (C) 3 mM NG(28-43) in 124
mM SDS-d25 with 1.2 mM 12-SASL. A Lorentzian-to-Gaussian window function with line broadening of -0.3 Hz was applied to spectra A and B to show
the fine splitting of yCH2 of Q32 in SDS micellar solution, whereas 0.3-Hz linebroadening was applied to C. Labeled peaks indicate significant line
broadening due to SDS and 12-SASL; the peak marked with an asterisk (*) denotes splitting of resonances in the presence of SDS micelles. In comparing
A and B, note the linewidth narrowing and the apparent splitting for resonance peaks of the guanidinyl protons of arginine residues and side-chain amide
proton of the glutamine residue. Dotted arrows between A and B indicate large upfield chemical shift for the amide protons of I31 and F35 of NG(28-43)
upon introduction of SDS micelles.
onstrating the differential lineshape change caused by the
spin label. This indicates that the C-terminal hydrophilic
segment is not in contact with the micellar interior (see
below and Fig. 15).
Both neurogranin and PKC are extrinsic membrane pro-
teins because of lack of long stretches of the hydrophobic
amino acid sequence. The linewidth of backbone amide
proton resonances is calculated to be greater than 20 Hz for
a helical peptide embedded in the interior of SDS micelles
(Chang and Chien, unpublished result); however, the mea-
sured linewidth is less than 10 Hz. The linewidth data thus
support the notion that NG(28-43) is associated extrinsically
with SDS micelles.
Fig. 11 presents far UV-CD spectra of NG(28-43) peptide
in solution containing SDS micelles, as well as vesicles
formed by PS, PC, and PS/DAG phospholipids. The data
indicate that more helix is induced, and hence there is a
stronger peptide/micelle interaction, for micelles and vesi-
cles containing negatively charged headgroups. The results
indicate electrostatic contribution to the interaction between
the cationic NG(28-43) and micelles or between the peptide
and vesicles. It is of interest to note that the helix content is
higher for the substrate peptide in PS/DAG vesicular solu-
tion than in PS vesicular and in SDS micellar solutions.
Because helical structure was induced for PKC substrate
NG(28-43) in solution containing PS/DAG, which stimulates
PKC, a helix is likely the active form for the PKC substrate
peptides or proteins. The induction of the NG(28-43) into a
helical form by association with PS-containing vesicles may
be biologically significant, because a model was recently
proposed (Dong et al., 1995) in which the PKC and its
substrate were thought to be brought together in close
proximity because of their common affinity for PS.
Fig. 12 shows the CD spectra of NG(28-43) and
[A35]NG(2843) in water as well as in SDS micelle solution.
The data indicate that both peptide analogs exist predomi-
nantly in random form in aqueous solution, but significant
helical form can be induced in the presence of SDS micelles
31I 8CH3
PPm 8.5
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TABLE 2 Linewidth difference between NG(2,-43) NMR
signals in water and SDS and linewidth difference between
NG(28-43,) NMR signals in SDS in the absence and presence of
spin-labeled 12-doxyl stearic acid methyl ester
Residue NH aH ,BH Others
Ala28 0.6
Ala29 1.3 2.1
Lys30 1.9
4.2 sCH20
Ile31 4.5 1.6 yCH2 2.7; yCH3 1.6; &CH3 1.1
8.9 yCH3 >9.0; 8CH3 2.2
Gln32 1.9 2.0 8NH2 2.0
>5.0
Ala33 2.2
Phe35 4.8 2,6H 2.8; 3,5H 2.6
2,6,5H 5.7
Arg36 8CH2 1.3
His38 >4.0 4H 2.3
4.0 4H 3.5; 2H 2.0
Met39 2.1 SCH3 1.0
2.9 SCH3 4.8
Ala40 2.1
Arg4l 8CH2 1.3
Lys42 eCH2 0; SCH2 1.9
Lys43 aCH2 0; SCH2 1.9
Top, Signals in water and SDS; bottom (italic), signals in SDS in the
absence and presence of spin-labeled 12-doxyl stearic acid methyl ester.
(Yang et al., 1986). The helical content in SDS solution is
calculated to be, respectively, 18% and 12% for NG(28-43)
and [A35]NG(28 43)' with 50% more helix content for the
parent peptide. This indicates that the membrane-bound
peptides are in dynamic equilibrium with those in bulk
solution. The higher induced helix content for NG(28-43) is
in qualitative agreement with NOE data.
It should be emphasized that, for NG(28-43), the helical
conformer exists only when the peptide is in association
with the micelle. In fast exchange with the free state on the
NMR time scale, the bound state accounts for, according to
i O * d! a'
a 0
a e
;*40
ppm 8.4 82 0 7.8(A)
*&
It
la.Qd
0 w
8.4 8.2 860 7.8(B)
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FIGURE 11 Circular dichroism spectra of NG(28-43) in TFE and various
micellar solutions at 298 K and at pH 7 in (A) water; (B) 100% TFE; (C)
2 mM PC; (D) 2 mM PS; (E) 57 ,uM PS/3.5 ,uM DAG. In C and D, 20 ,uM
NG(28-43) and, in E, 2.8 ,uM NG(28-43) was used.
the CD result, no more than 18% of total population. Be-
cause the 'H-1H NOE interaction is proportional to the
inverse of the sixth power of the interproton distance, the
folded structure is far more weighted than the unstructured
conformers, so that the NOE pattern characteristic of helix
can be observed, despite the smaller population for the
bound state. This is a demonstration of transferred NOE
(Fors6n and Hoffman, 1963); in other words, the NOE
information is transferred from the folded, bound state to the
free state of the substrate.
In Fig. 13 is displayed the stereo drawing of the super-
position of 20 structures calculated with distance geometry
and dynamic simulated annealing, using constraints derived
10
0
21 .
10
-2 w
3 1-
x
(1)
I
PPm
-19 L:-
190
FIGURE 10 Side-chain proton-amide proton region of TOCSY spectra
of 3 mM NG(28-43) in 124 mM SDS micelles in the absence (A) and
presence (B) of 1.2 mM 12-SASL. Residues (K30, I31, Q32, F35, H38, and
M39) that are broadened more extensively by the presence of 12-SASL are
labeled. Cross-peaks from both R41 and K42 exhibit less broadening by
12-SASL, suggesting a weaker interaction of the C-terminal region of
NG(28-43) with the micelle.
250
Wavelength (nm)
FIGURE 12 Circular dichroism spectra of NG(28-43) and [A35]NG(28-43)
in aqueous solution and in SDS micelles at 298 K and pH 7. Traces A and
B represent the CD spectra of NG(28-43) and [A35]NG(28-43) in 25 mM
SDS. Traces C and D are the CD spectra of NG(28-43) and [A35]NG(28-43)
in aqueous solution, respectively.
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FIGURE 13 Stereo view of the overlayed 20
final simulated annealing structures of NG(28-43)
calculated from the distance geometry/simulated
annealing protocol using constraints derived
from NMR experiments in the SDS micelle so-
lution.
from NOE data of NG(28-43) in the SDS micelle solution.
The root mean square deviation for the backbone atoms of
NG(28-43) is 2.03 A, and that for the backbone atoms of
residues 13 1 -A40 is 1.37 A. A well-defined helical structure
is visible in the region 131-A40.
A helical wheel representation for NG(28-43) is illus-
trated in Fig. 14, with the hydrophobic residues highlighted
by asterisks. On the hydrophobicity scale, histidine residue
is usually placed near serine as a protonated form (Kyte and
Doolittle, 1982); however, it is likely to exist in neutral form
in a less polar environment, such as membrane in which its
hydrophobicity would be expected to be close to that of
tryptophan (Gamier and Robson, 1990). Therefore, H38
may be part of the hydrophobic face of a helix. Hydrophobic
forces have been reported to contribute to the helix forma-
tion of amphipathic peptides in the membrane or more
hydrophobic environments (Thornton and Gorenstein,
1994; Bruch and Hoyt, 1992; Karslake et al., 1990). Fig. 15
depicts the interaction of NG(28-43) helix with the SDS
micelle. The side chains of 131, Q32, F35, H38, and M39
are shown schematically to interact with SDS. In particular,
the picture is consistent with the linewidth broadening data
and splitting of the Q32 13H peak in SDS micelle solution.
In support of the model, particularly with regard to the
orientation of the peptide, the most significant reduction in
the proton-deuterium exchange rate of the backbone amide
protons in SDS micelle solution relative to that in aqueous
solution can be found for residues 13 1, F35, M39, and K42
(Figs. 5 and 6). The C-terminus of NG(28-43) is not in the
helical form, but participates in the ionic bonds with sulfate
groups of SDS micelle, so that backbone amide protons of
R41 and K42 exchange sufficiently slowly to be observed.
That a weaker interaction exists between the C-terminal
region and the micelle is in agreement with the linebroad-
ening results from the paramagnetic probe (Fig. 10).
As suggested by the spin label probe experiments and the
data shown in Table 2, a specific interaction is likely to exist
between the nonpolar side chain of F35 and the membrane
interior, so that the parent peptide would have higher affin-
ity for the membrane than would its A35 analog. This
specific interaction may also help orient the peptide in its
approach to the active site of membrane-bound PKC. There
may also be a specific interaction between F35 of the parent
peptide or protein substrate and PKC (Knighton et al.,
1991). (In this case, conformation of the substrate at the
phosphorylation site would be changed, particularly if the
interaction does not occur in the interior or the immediate
vicinity of membrane.) Moreover, from both CD and NOE
results, the helical content is lower for the A35 analog,
which would require larger free energy of activation for the
phosphorylation to proceed because of larger entropy loss in
going from the reactant to its transition state. These factors
would contribute in part to the dramatic reduction in the
N
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catalytic efficiency ofPKC for the A35 mutant of NG(2843)
in the presence of lipid membrane (Chen et al., 1993).
Based on data from the present study and previous reports
on the properties of phosphorylation kinetics, the following
model is proposed (cf. Fig. 15). PKC substrates are attracted
to the surface of the phospholipid bilayer by long-range
electrostatic force, as suggested by the induction of NG(2843)
in SDS micellar and in PS/DAG vesicular solutions (Fig.
1 1). The substrate then undergoes reorientation due to spe-
cific interaction with the membrane and may diffuse on the
surface of the membrane. Alternatively, binding of the
substrate to membrane may induce PKC to translocate to the
membrane (Bruins and Epand, 1995), leading to substrate
phosphorylation. This model apparently accounts, in part,
for the contribution of the negatively charged phosphatidyl
serine to the phosphorylation rate and the essential role
played by the nonpolar amino acid immediately C-terminal
to the phosphorylation site. The importance of rate of en-
counter has been predicated by Houbre et al., who pointed
out that the delivery of substrate to the reactive site was a
key event in PKC phosphorylation (Houbre et al., 1991).
The use of SDS micelle as model membrane probably
emphasizes electrostatic interaction over other forces, such
as hydrogen bond and hydrophobic effect. Despite this
limitation, evidence from NMR experiments was presented
for the specific hydrophobic interaction between the micelle
and F35 C-terminal to the phosphorylation site. Other non-
polar amino acid residues in NG(28-43) are not required for
phosphorylation by PKC, but results on the lineshape mod-
ification in NMR experiments suggest that these residues
might provide supplementary stabilization on the orienta-
tion of the substrate bound to membrane. The role of the
nonpolar moieties of the PKC substrate can perhaps be
exemplified by the membrane anchoring of the myristoyl
chain on the MARCKS (myristoylated alanine-rich protein
kinase C substrate; Kim et al., 1994; Buss et al., 1986). The
model proposed here suggests that it would stabilize sub-
strate-membrane interaction and thereby may enhance the
phosphorylation efficiency, to employ amino acid residues
with long nonpolar side chains at positions that make helical
Arg36
G1n32 Ala4O
*Met39Aa3
*Phe35
*11e31 Arg4I
*His38 Ser3 4
FIGURE 14 Helical wheel representation of NG(28-43). Hydrophobic
residues lying on one face of the helix are marked by asterisks (*).
FIGURE 15 Schematic drawing illustrating the interaction of NG(28-
43) peptide with the SDS micelle. The side chains of 131, Q32, F35, H38,
and M39 are marked to emphasize specific interactions between them and
the micelle.
register, similar to the neurogranin and neuromodulin phos-
phorylation domain.
The present detailed study on the nature of interaction
between a PKC substrate and the model membrane repre-
sents a first step toward understanding, on the molecular
level, of the ternary complex formed between these two
components and PKC. Dealing with the interaction between
a single substrate peptide and single negatively charged
micelle (or vesicle) only, the working model does not ad-
dress the aggregation brought about by interactions between
some cationic polypeptides and PS/DAG/Ca2+/detergent
micelles, as reported by Mahoney and Huang (1995). Nor
are the specific interactions considered between the sub-
strate and other components on the cell membrane bilayer,
e.g., PE (phosphotidylethanolamine), PI (phosphotidylinosi-
tol), and SM (sphingomyelin). For a complete description,
the complex interactions between the enzyme PKC, its
substrate, the cofactors, and the membrane must be deter-
mined (Kaibuchi et al., 1981).
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